INTRODUCTION
The vertical zonation of light, O2, H2S, pH, and sulfur bacteria was studied in two benthic cyanobacterial mats from hypersaline ponds at Guerrero Negro, Baja California, Mexico. The physical-chemical gradients were analyzed in the upper few mm at ~< 100/~m spatial resolution by microelectrodes and by a fiber optic microprobe. In mats, where oxygen produced by photosynthesis diffused far below the depth of the photic zone, colorless sulfur bacteria (Beggiatoa sp.) were the dominant sulfide oxidizing organisms. In a mat, where the Oz-H2S interface was close to the photic zone, but yet received no significant visible light, purple sulfur bacteria (Chromatium sp.).were the dominant sulfide oxidizers. Analysis of the spectral light distribution here showed that the penetration of only 1% of the incident near-IR light (800-900 nm) into the sulfide zone was sufficient for the mass development of Chromatium in a narrow band of 300/~m thickness. The balance between 02 and light penetration down into the sulfide zone thus determined in micro-scale which type of sulfur bacteria became dominant.
* To whom correspondence should be addressed.
The phototrophic sulfur bacteria as well as the HzS specialists among the colorless sulfur bacteria live in very restricted and often unstable habitats, at the upper boundary of the sulfide zone in aquatic environments. The presence or absence of light below the oxygen-sulfide interface determines which of the two types of organisms will become dominant.
The purple and green sulfur bacteria can grow where fight penetrates into the sulfide zone of sediments or of stratified water bodies. Most ecological studies on these organisms have been done in meromictic lakes or fjords, where the populations are extended over a sufficient depth interval to allow subsampling and measurement of their activity and physical-chemical environment (e.g., [1, 2] ). The mass occurrence of purple sulfur bacteria on sediments along the shore is usually associated with the aggregations of decomposing macrophytes or with the seepage of sulfide-rich porewater. Often, however, the purple bacteria grow below a benthic mat of filamentous cyanobacteria or as colored bands within the sand [3, 4] . The bacteria are here protected from the oxygen of the overlying water, but are at the same time cut off from most of the available visible light. The light absorption of their bacteriochlorophyll in the near-IR part of the spectrum is therefore a useful adaptation to a life in the shade of chlorophyll-bearing phototrophs.
The H2S specialists among the colorless sulfur bacteria, which comprise typical gradient organisms such as Beggiatoa and Thiovulum, live mostly on sediments and other surfaces. Here, the chemolithotrophic bacteria can compete more efficiently with the spontaneous, chemical reaction between oxygen and sulfide than in the chemocline of stratified waters [5] . On the sediment surface the combination of their motility and the presence of diffusive boundary layers enables them to develop a gradient system of the two substrates which they exploit with high efficiency [6, 7] . If sulfide builds up to high concentration in the surface sediment, phototrophic sulfur bacteria may, however, develop just underneath the oxygen-sulfide interface. In the light, they may then consume all the sulfide diffusing up from deeper, anoxic sediment layers before it reaches the oxic zone [8] . In this way the colorless and purple sulfur bacteria compete for the available sulfide at the sediment surface.
The chemical gradients associated with the mass development of colorless sulfur bacteria in sediments or microbial mats was recently analyzed by the use of microelectrodes [6, 9] . Measurements at a resolution of ~< 100/~m have demonstrated both how extremely narrow the boundary layer of coexisting oxygen and sulfide is and how dynamic the double-gradient system is. Within a pure Beggiatoa mat, oxygen and sulfide coexisted only in a 50-100 /zm zone with a residence time of ~< 1 s. In order to study the growth and zonation of benthic populations of phototrophic sulfur bacteria, a similar spatial resolution in the light measurements would be needed. We have recently developed a fiber optic microprobe, which can analyze the spectral light distribution at < 100/~m resolution and which can be used to measure light gradients in sediments [10] . In the present study we combined the light microprobe with the oxygen, sulfide, and pH microelectrodes to analyze cyanobacterial mats with dominant growth of either purple or colorless sulfur bacteria.
MATERIALS AND METHODS
Cyanobacterial mats were collected from hypersaline, coastal ponds at Guerrero Negro, located on the Pacific coast of Baja California, Mexico. This area used to be a natural salina until it was diked into ponds about 15 years ago for the production of sea salt. The variety of microbial mat communities growing in the natural salt pans and marshes along the border of the Guerrero Negro lagoon were described by Javor and Castenholz [11] . Today, the 0.5-1-m-deep evaporating ponds cover a 250 km 2 area and comprise a stepped salinity gradient from 40%0 up to saturated sodium chloride. Cyanobacterial mats with a thickness of 5-15 cm grow relatively undisturbed on the bottom of those ponds which have a salinity ranging from about 60%0 to 120%o.
The cyanobacterial communities had a microbial composition rather similar to the Microcoleus chthonoplastes mats described from the hypersaline Solar Lake, Sinai [12, 13] . Mat cores of 5 cm diameter were taken by hand from Pond 5 at 87%0 salinity and from Pond 6 at 117%o (pond numbers according to the local salt company, Exportadora de Sal). The Pond 5 mat had a distinct band of colorless sulfur bacteria, Beggiatoa sp., at about 1.5 mm below the surface, while the Pond 6 mat had a sharp, pink band of purple sulfur bacteria, Chromatium sp., at 5-6 mm depth. The cores were kept submerged in pond water at near in situ temperature (21°C) and were exposed to dimmed daylight. Within 1-2 days of sampling, measurements of chemical and light gradients were taken, after which the mats were dissected under a microscope and the exact zonation of dominant phototrophic organisms and of colorless sulfur bacteria was studied. Before the measurements, the mats were exposed to 600 /~E. m 2. s-a of white light from a halogen lamp for 2 h to allow steady-state chemical and bacterial zonation in the mats to become established. This light intensity is estimated to be near the average in situ light flux reaching the mats in the ponds around noon. Microelectrode measurements of oxygen, sulfide and pH were then taken consecutively at 0.1-0.25 mm depth intervals. Details of these techniques and of the electrode calibration procedures are given by Revsbech and Jorgensen [14] . Measurements of oxygenic photosynthesis were taken with the oxygen microelectrodes by the light-dark shift technique [15~16] .
Measurements of spectral light gradients within the mats were done with a fiber optic microprobe as described by Jorgensen and Des Marais [10] . The 80-/~m-wide optical fiber of the probe had a rounded, light-collecting tip of 25 /~m diameter. Measurements were taken at 0.05 0.4 mm depth intervals with the tip approaching the illuminated mat surface from below (0 ° light-to-fiber angle). Monochromatic light between 400 and 1025 nm was provided at 25 nm intervals by the use of a halogen lamp with fiber optics connected to a continuous interference filter of 25-32 nm halfband width [10] . All measurements were done within a 1 mm 2 area of the mat.
RESULTS

Pond 5 mat: Beggiatoa
The chemical and microbial zonation at the surface of the mat from Pond 5 was very similar to that described for the 'flat mats' of the Solar Lake [9, 13] . Filamentous cyanobacteria, mostly M. chthonoplastes, formed a dark blue-green band just below the mat surface at 0.1-0.5 mm depth. These organisms grew in bundles of 2-15 trichomes each surrounded by a common sheath. On top of this layer was a scattered population of pennate diatoms, Nitzschia sp. Below it was a lighter green band of ~< 1-#m-wide filaments, mostly Phormidium sp. Alternating dark and light green bands in the deeper layers reflected the seasonal variations of cyanobacterial growth from previous years. Filamantous colorless sulfur bacteria, Beggiatoa sp., with internal sulfur globules were abundant in the mat. After 2 h in the light, they were mostly concentrated as a band at 1.5 mm depth.
Most oxygenic photosynthesis in the mat took place within the Microcoleus layer at extremely high rates (Fig. la) . The oxygen peak just below the mat surface reached nearly 5 times air saturation of the overlying water, yet it had a residence time of less than 2 min as calculated from the rate 181 of photosynthetic oxygen production. Due to the intensive oxygen production, most of the oxygen gradient was found within the 0.4-ram-thick diffusive boundary layer overlying the mat surface. Already at 0.55 mm depth photosynthetic oxygen production became undetectable due to light limitation. The oxygen diffused from the concentration maximum at 0.2 mm down to a depth of 1.5 mm where it overlapped within a 100-~m-deep interface with sulfide diffusing up from below. The oxygen-sulfide interface coincided with the dense part of the Beggiatoa band, which was sharply bounded on the upper side and more diffuse on the lower side. We observed similar zonations and chemical gradients also in several other mats from these ponds.
The depth of light penetration into the mat was strongly dependent on wavelength. In the semilog plot of Fig. lb the light intensities are seen to decrease nearly exponentially with depth within the uppermost 0-1 mm. Consequently, there seemed to be a rather uniform depth distribution of light absorption in this mat layer. Blue light (450 nm) was extinguished closest to the mat surface. Only 0.3 mm into the mat it had been reduced to 1% of the surface intensity. Light of the absorption maximum of chlorophyll a (670 nm) and of bacteriochlorophyll a (around 825 nm) showed lower extinction coefficients. The infrared light at 1025 nm penetrated much deeper into the mat as it was not absorbed by photosynthetic pigments.
Pond 6 mat: Chromatium
The mat from Pond 6 had a 5-mm-thick orange surface layer which was partially translucent and had a gelatinous texture. It had a low density of coccoid (Aphanothece) and filamentous (Spirulina, Phormidium) cyanobacteria. On the surface grew small tufts of diatoms (Nitzschia). Scattered but thick bundles of Microcoleus were found at 3-5 mm depth. The most distinctive feature was a 0.3 mm thick, pink band of purple sulfur bacteria at 5.5 mm depth. Based on the morphology of the 4-/.tm-wide, spherical to oval cells with intracellular sulfur globules but without sheaths, these were identified as Chrornatium sp.
Oxygenic photosynthesis took place at a low rate in this mat down to 4.5 mm depth (Fig. 2a) . This produced a high oxygen maximum as before, but with less steep gradients due to the more extended photic zone. Oxygen therefore penetrated only slightly deeper than the photic zone, to 5.5 mm, i.e., just to the depth of the purple sulfur bacteria. There was no detectable overlap between oxygen and sulfide which diffused into the Chrornatium band.
This mat showed a very strong extinction of blue light relative to the longer wavelengths (Fig.  2b) . This was presumably due to a high concentration of carotenoids in the polysaccharide gel and explained the orange mat color. The 670 nm and 825 nm light, which penetrated down below 5 mm depth, was efficiently absorbed within the Chromatium band due to the high concentration of photosynthetic pigments. Also, the infrared light of 1025 nm showed an increased extinction coefficient in this layer.
Light spectra
More detailed information on the regulation of photosynthetic depth distribution in the two mats was obtained by analyzing the whole spectra of light at specific depths. Fig. 3 shows the relative spectral changes of the downwelling light in Pond 6 mat. The blue and green light below 550 nm, which is absorbed by chlorophylls and carotenoids, was rapidly extinguished and became undetectable below 2 mm depth. The 550-700 nm light, which is absorbed by phycobiliproteins and chlorophylls, penetrated much deeper. A chlorophyll a absorbance peak at 670 nm was apparent as a trough in the plot. A smaller absorption peak at 630 nm due to phycocyanin was detected in mats from these ponds only when light penetration was measured at higher spectral resolution (Jergensen and Des Marais, in preparation). Near-IR light showed a relatively low extinction rate down to about 5 mm below which it was rapidly absorbed within the Chromatium band. There was a broad absorbance maximum between 800 nm and 900 nm due to bacteriochlorophyll a in purple sulfur bacteria. Also, the oxic mat layers contained a scattered population of purple bacteria. Light absorption between 700 and 800 nm by bacteriochlorophylls of the green sulfur bacteria was less pronounced in Fig. 3 , although Chloroflexus fila- ments were normally present in these mats. Based on the data presented in Figs. 1 and 2 , four different depth zones of biological importance can be differentiated: (A) the photosynthetic and (B) the nonphotosynthetic part of the oxic zone; (C) the photosynthetic and (D) the non-photosynthetic part of the anoxic, sulfidic zone. In the Pond 5 mat, zone C was apparently lacking. The spectral light distribution at the transition between each of the four zones is shown in Fig. 4 . The spectrum of residual light at the lower boundary of the photic zone in Pond 5 mat, at 0.55 mm depth, is shown in Fig. 4a . Blue and green light of < 550 nm was not detectable at this depth (< 0.1% of surface intensity). Only 0.4-1% remained of the orange and red light, while 7% of the near-IR light of 800-900 nm remained. At the The Pond 6 mat showed a light spectrum at the lower boundary of the oxygenic photic zone at 4.2 mm rather similar to that in the Pond 5 mat. About 1% of the red light remained while blue and green light was again undetectable (Fig. 4b) . A distinct absorption maximum at 670 nm due to chl a was clearly seen in this mat. At the oxic-anoxic interface (5.4 mm depth), where the pink band was situated, < 0.5% of the red light was left, but there was evidently still enough near-IR light (1-2%) of 800-900 nm for the purple sulfur bacteria to grow. At the lower boundary of the pink band (5.7 mm depth), where sulfide started to build up, the 800-900 nm light had been extinguished to near the detection limit ( < 0.05%). 
DISCUSSION
The present studies have demonstrated two typical examples of biological sulfide oxidation in benthic communities: one example in which the sulfide zone occurred significantly below the photic zone, and one in which the two zones overlapped. These results are quite similar to what has been found from studies of sulfide oxidation in the water column of stratified lakes and fjords: when the chemocline is below the photic zone, biological sulfide oxidation is carried out by thiobacilli and other obligate or facultative chemolithotrophs; when the chemocline is within the photic zone, sulfide oxidation is carried out by phototrophic sulfur bacteria or cyanobacteria which often form distinctly colored layers in the water. In the water column, the thickness of the sulfide oxidation zone is in the order of meters, and it is generally found at depths of a few meters to many hundred meters below the water surface. In the benthic mats, the thickness of the sulfide oxidation zone is in the order of a few hundred #m, and it is found at depths of a few mm below the mat surface.
Only by the introduction of microtechniques for the measurement of light and chemical gradients has it become possible to analyze the biological sulfide oxidation in these small dimensions.
An important difference between the light-dependent sulfide oxidation below the chemocline of stratified water bodies and of benthic communities growing in quite shallow water is the absence or presence of near-IR light. Infrared light is strongly absorbed by water. Thus, a 1-m-deep water column will reduce 750-900 nm light, which could potentially be used by the phototrophic bacteria, to only 1% of the surface intensity. Plankton blooms of purple and green sulfur bacteria therefore depend on light within the visible spectrum for their photosynthesis. The photosynthetically active carotenoids are here important as light-harvesting pigments. In benthic mats along the shore, however, purple bacteria often grow underneath a layer of cyanobacteria and can here exploit the complementary absorption spectra of their pigments. As shown in Figs. 2-4 , near-IR light penetrated through the photosynthetically active layer of cyanobacteria and reached down to the sulfide zone with 1% of the surface intensity remaining. As the Pond 6 mat had grown under only 30 cm of water, which will absorb 70% of 800-900 nm light, there should still be 0.3% of the 185 near-IR sunlight which reached the pink layer of Chromatium in the mat. Such a low light intensity would not be sufficient for the growth of algae or oxygenic cyanobacteria. The phototrophic bacteria, however, have a relatively high quantum yield and are able to grow in stratified waters down to 0.03 0.2% of the surface light intensity. Under these light-limiting conditions, light saturation can be reached already at about 1 /~E. m 2. s-~ [17] . The potential of many purple sulfur bacteria to assimilate organic substrates and respire at low oxygen levels may also contribute significantly to their energy metabolism in the mats.
It is not possible from the present data to generalize as to what regulates the mutual balance between oxygen and light penetration into the mats. The sedimentation of allochtonous detritus from phytoplankton down onto the mats has not been measured. An external source of organic matter to the benthic system will, however, favor heterotrophic processes and thus expand the sulfide zone at the expense of the oxic zone. An extreme example of this is the coastal sulfuretum, where purple sulfur bacteria grow directly on the sediment surface. They are here exposed to the full spectrum of sunlight and are only protected from oxygen in the overlying seawater by a diffusive boundary layer through which the oxygen drops to zero at the surface of the bacterial layer [6] .
The light intensity applied in this study corresponded to in situ conditions around noon in the ponds. Due to the diel light cycle, both light intensities, bacterial activities, and chemical gradients will vary strongly in the mats. The band of Chromatium in Pond 6 mat was positioned just below the oxic zone at this maximal light intensity. During the day they may thus experience similar or lower light and higher sulfide concentrations than measured here. We do not expect that these bacteria can swarm up through the gelatinous matrix of the mat in response to decreasing light intensities.
The Beggiatoa of Pond 5 mat, however, migrated vertically according to the position of the oxygen-sulfide interface. Fig. 1 thus shows their maximum depth distribution reached during the day. At night, the oxygen-sulfide interface moved very close to the surface, and the Beggiatoa filaments formed a whitish film on top of the mat. The migration was, at least in part, due to a phobic response to oxygen and light (see [18, 19] ). The negative oxygen response was evident from the sharp upper boundary of the Beggiatoa layer.
The two examples presented here are static pictures of very dynamic and complex cyanobacterial mats. Although the dominant zonation of Beggiatoa and Chromatium in these mats could easily be explained from the physical-chemical gradients, these bacteria also occurred scattered throughout the upper mat layers, seemingly in healthy condition. Lateral heterogeneity and physiological flexibility are therefore also factors of importance for the understanding of these fascinating microbial communities.
